Intravascular ultrasound (IVUS), which depicts both lumen and plaque, offers the potential to improve on the limitations of angiography for the assessment of the natural history of atherosclerosis and progression or regression of the disease. To facilitate measuremenk and increase the reproducibility of quantitative IVUS analyses, a computerized contour detection system was developed that detects both the luminal and external vessel boundaries in 3dimensional sets of IVUS images. To validate this system, atherosclerotic human coronary segments (n = 13) with an area obstruction ~~40% (40% to 61%) were studied in vitro by IVUS. The computerized IVUS measurements (areas and volumes) of the lumen, total vessel, plaque-media complex, and percent obstruction were compared with findings by manual tracing of the NUS images and of the corresponding histologic cross sections obtained at 2-mm increments (n = 100). Both area and volume measurements by the contour detection system agreed well with the results obtained by manual tracing, showing low mean betweenmethod differences (-3.7% to 0.3%) with SDS not exceeding 6% and high correlation coeffrcienk (r = 0.97 to 0.99). Measurements of the lumen, total vessel, plaque-media complex, and percent obstruction by the contour detection system correlated well with histomorphometry of areas (r = 0.94,0.88,0.80, and 0.88) and volumes (r = 0.98,0.91,0.83, and 0.91). Systematic dii ferences between the resulk by the contour detection system and histomotphometry (29%, 13%, -%, and -22%, respectively) were found, most likely resulting born shrinkage during tissue fixation. The resulk of this study indicate that this computerized tVUS analysis sys tern is reliable for the assessment of coronary atherosclerosis in vivo. 0 7 996 by Excerpta Medica, Inc. (Am J Cardiol 1996;78: 1202-1209 Th e natural history and progression or regression of coronary atherosclerosis after pharmacologic and nonpharmacologic interventions have most often been assessed by quantitative coronary angiographyk3 However, the quantitative angiographic approach permits only the assessment of the luminal silhouette4 and indirect estimation of plaque burden. As a result of vessel remodeling, early atherosclerosis remains angiographically undetected until luminal encroachment starts and plaque occupies approximately 40% of the internal elastic membrane area.5 Intravascular ultrasound (IVUS) depicts both coronary lumen and vessel wall; measurements can be obtained by manually tracing the luminal and ex- ternal vascular boundaries.6-8 To reduce the time and subjectivity of manual tracing,' automated systems for quantitative analysis in 3-dimensional IVUS image sets have been developed.'0-14 As the available systems detect only the lumen, we developed a contour detection algorithm that detects both the luminal and external vascular boundaries of atherosclerotic coronar sets.'591 2 arteries in 3-dimensional IVUS image This approach allows the quantification of all IVUS images and permits even volumetric assessment which has recently been advocated as a valuable concept in research and clinical practice.17-*' To validate this contour detection algorithm, atherosclerotic human coronary explants obtained postmortem or from heart transplant recipients at transplantation were studied with IVUS. Results by the IVUS contour detection system were compared with measurements obtained from manual tracing of the IVUS images and of the corresponding histologic sections.
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METHODS
Human coronary specimens: Thirteen coronary arteries (6 lanes running longitudinally along u serf to reconstruct 2 longitudinal sections from the entire sequence of digitized IVUS images. The position and rotation angle of the 2 cut planes can be interactively changed to obtain an optimal representation of the coronary segment. Consecutively, the longitudinal contours are automatically detected in these 2 sections and, if required, interactive corrections may be performed. The longitudinal contours intersecting the planes of the transverse images are represented as edge points, guidin B the final automated contour detection in the cross-sectiona IVUS images by defining the center and the range of the boundary-searching process.
explanted postmortem (n = 6) and post-transplantation (n = 4) from the hearts of 10 patients (7 men, 3 women) with a median age of 51 years (range 39 to 55). Segments with 51 major side branch were included in the study. The investigation was approved by the Local Council on Human Research. In vitro study protocol: For in vitro studies the side branches of the coronary specimen were ligated and the proximal and distal ends were connected to sheaths fixed in a waterbath at 20°C. A distal reference segment was indicated using a needle. The arteries were pressurized at 100 mm Hg by a water reservoir connected to the sidearm of the proximal sheath ( Figure 1 ). The IVUS examination of the pressurized specimen was performed with a mechanical 30-MHz imaging system (Du-MED, Rotterdam, The Netherlands). The IVUS catheter displacement-sensing device of the Thoraxcenter Rotterdam, which was previously described and applied,*l was used to monitor the displacement of the ultrasound catheter tip in steps of 0.1 mm, using the distal needle as the reference. Distance information and IVUS images were automatically mixed and recorded on videotape. This was used as the source for further analyses by the IVUS contour detection system and by manual tracing. The coronary arteries were fixed under pressure (100 mm Hg) in 10% buffered formalin for 2 hours and subsequently decalcified in a standard RDO solution (Apex Inc., Plainfield, Illinois) for 5 hours. The arteries were then processed for routine paraffin embedding. The site of the reference needle was marked using india ink. The 5-pm-thick transverse sections were cut at 2-mm intervals perpendicular to the long axis of each specimen, resulting in a total of 100 histologic sections. Staining of the histologic sections was performed with the elastic van Gieson technique. Matching between the IVUS images and the histologic sections was achieved by use of the distance information provided by the displacement-sensing device. Anatomic markers such as side branches or spots of calcium were used to confirm precise matching.
Computerized intravascular ultrasound contour detection system: The analysis program uses the Microsoft Windows operating system on a Pentium (60 MHz) personal computer with 16 Mbytes of internal RAM. A frame-grabber (DT-3852; resolution: 800 X 600 X 8 bits) digitizes a user-defined region of interest from a maximum of 200 IVUS images. While a version for clinical application makes use of a motorized pull-back device and digitizes the IVUS images automatically,"j selection and digitization of the present in vitro IVUS images was performed by manually choosing the appropriate contour detection on the crosssectional IVUS images by defining the center and the range of the boundary-searching process ( Figure 2) . The position of an individual cross-sectional IVUS image in the longitudinal sections is indicated by a horizontal cursor line which can be used to scroll through the entire series of transverse IVUS images. The detected contours are checked by the analyst, and corrections can be performed by simply pointing with the computer mouse on the correct site and redetecting the contours, using this additional edge information.
Corrections are required particularly in images of lower quality and in rapid contour transitions. Whenever the contour of a single slice has been corrected and redetected, the entire data set is updated. As the analysis is performed in a 3-dimensional image set, coronary segments can be displayed in a cylindrical format (Figure 3 ), although this option is not required for the purpose of quantification. V= iAj*H i=l where V = ,volume; A = area of lumen, total vessel, or plaque in a certain digitized cross-sectional ultrasound image; H = thickness of the coronary artery slice represented by this digital cross-sectional IVUS image; and n = number of digitized cross-sectional IVUS images encompassing the volume to be measured.
Manual intravascular ultrasound analysis: On the cross-sectional IVUS images that correspond to the histologic sections, a manual tracing of the lumen and the external vessel borders was performed by another independent investigator. This individual was experienced in the manual IVUS analysis, but did not have knowledge of the results of the computerized analysis. Volumetric data were obtained by Simpson's rule. 
RESULTS
The coronary segments included in the study were 15.4 t 2.8 mm long (14 to 22 mm) and all specimens had a maximum percent area obstruction >40% (47% + 7%; range 40% to 61%) as measured by the computerized IVUS analysis system. The minimum percent area obstruction was 29% k 5% (range 21% to 35%). Complete volumetric analysis by the computerized contour detection system (77 5 14 images) required significantly less time compared with pure manual contour tracing (19 -C 4 minutes vs 121 k 26 minutes; p <O.OOOl). The results of the computerized IVUS contour detection, manual tracing on the IVUS images, and histomorphometry are presented in Table I .
Contour detection versus manual tracing: The measurements of the lumen, total vessel, plaque-media complex, and percent obstruction by the computerized IVUS contour detection system differed little from the results obtained by manual tracing: The between-method differences (contour detection-manual tracing) were 0.3% +-2.5%, -1.1% +-2.0%, -3.1% t 6.2%, and -2.0% + 4.8% for the area measurements, and 0.2% 2 0.85%, -1.4% 2 1.5%, -3.7% 2 4.3%, and -2.4% k 2.9% for the volume measurements, respectively. Correlations between the area (r = 0.97 to 0.99) and volume (r = 0.99) measurements obtained by both methods were high (Figures 4 and 5) .
Contour detection versus histomorphometry:
Measurements of the plaque-media complex and percent obstruction by the contour detection system were lower (p <O.OOOl) than by histomorphometry (Table  I) , whereas the measurements of the lumen and total vessel dimensions by the IVUS contour detection system were significantly higher than the histomorphometric results (p <O.OOOl). The between-method differences (contour detection vs histomorphometry) of the lumen, total vessel, plaque-media complex, and percent obstruction were 29% Z? lo%, 14% ? lo%, -9% 5 18%, and -22% + 13% for area measurements, and 28% + 7%, 14% + 9%, -7% + 14%, and -21% + 8% for volumetric measurements, respectively. High correlations (Figures 4 and  5) were found for the area (r = 0.80 to 0.94) and volume (r = 0.83 to 0.98) measurements by both methods.
DISCUSSION
In the present study histomorphometric validation of a computerized IVUS analysis system was performed by comparing the results obtained by the computerized IVUS analysis system both with the measurements made by manual contour tracing of the IVUS images and with the corresponding histomorphometric results. The key findings of this study are that (1) the computerized IVUS measurements of areas and volumes are in excellent agreement with the measurements obtained by manual tracing on the IVUS images, and (2) there is a good correlation betweeen measurements obtained from the computerized IVUS analysis and histomorphometry. The good correlation between the results provided by the IVUS contour analysis system and histomorphometry demonstrates the reliability of the computerized approach in performing both area and volume measurements. Previous studies: The high correlations between lumen area by IVUS than by histomorphometry. measurements on the cross-sectional IVUS im-To date only 1 study comparing true volumetric ages and the corresponding histologic sections IVUS measurements and histomorphometry has observed in the present study are in concordance with previous observations of Potkin et a1,24 who been reported.26 Excellent correlations between the computerized threshold-based IVUS analysis found correlation coefficients of 0.94, 0.85, and of the lumen volume in vivo and measurements 0.84 for total vessel area, lumen area, and percent based on both manual tracing and histomorphomarea obstruction. The measurements by IVUS etry were found (r = 0.97 for both), confirming were smaller for the lumen and larger for the total vessel area. 24 The effect of tissue shrinkagez5 and the results of the present study (r = 0.99 and 0.98, respectively). Comparable data on the total vessel different modalities of tissue fixation and pres-and plaque-media volume were not available, as surization may account for the differences from this threshold-based method was able to detect previous observations6,'9 which showed a larger only the lumen.
Sonka et a127 devised an alternative approach of contour detection that performs a computerized detection of both the intimal leading edge and the external vessel boundary in IVUS image sequences. In contrast to our analysis system, the automated contour detection on the cross-sectional images is performed without guidance from the additional information provided by contour detection on longitudinally reconstructed IVUS images. 15 In their study, the correlation between automatic and manual contour tracing on the IVUS images in vitro was goodz7 (r = 0.91 and 0.83 for lumen and plaque area, respectively), but slightly lower than the correlation observed in our study.
Study limitations: On IVUS images the external vessel boundary cannot be detected behind calcium owing to acoustic shadowing. The IVUS contour analysis system, however, allows better interpolation of the vessel boundary behind calcium and thus may be more reliable than conventional manual tracing of a single cross-sectional IVUS image. Finally, because there are differences in the velocities of ultrasound in water and blood, the use of water instead of blood in our experimental setup may partly account for an overestimation of the vascular dimensions by IVUS.
Clinical implications: The examination of the coronary arteries by IVUS allows the assessment of atherosclerotic changes6,7,28 and the quantification of the progression or regression of atherosclerosis. 17 To determine the latter, anatomic landmarks such as side branches or spots of calcium can be used to define corresponding IVUS images in serial studies. Our automated approach using the spatial information of the IVUS images acquired during defined transducer pull-back facilitates this process and permits the volumetric assessment of lumen and/or plaque without need for laborious manual analyses. KW The proposed quantitative IVUS analysis system allows the reproducible16 and reliable identification of both the luminal and external vessel boundaries and may thus be used for the routine analysis of IVUS studies, although wedging of the IVUS catheter may slightly increase the variability of preintervention analyses. Cyclic artifacts can be avoided by electrocardiographic-gated image acquisition,29JO which is a prerequisite for on-line application of this analysis system, currently performed in our catheterization laboratory.
